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1- ABSTRACT 
In this study, two-dimensional and the onset of three-dimensional 
fluid motion in a shear-layer driven, rectangular cavity are examined 
using various flow visualization techniques. By seeding the water in 
the cavity with neutrally buoyant light reflecting particles, three-
regimes of two-dimensional fluid motion are observed and photographed. 
By coloring the water in the cavity with dye the development of three-
dimensional flow is recorded. It is observed that the three-dimensional 
fluid motion first occurs in the vortex which lies along the bottom wall 
of the cavity; there are three vortices in the cavity at the onset of 
three-dimensional flow. The three-dimensional fluid motion is 
characterized by periodic transverse variations in the size of the 
vortex mentioned above. When viewed at an oblique angle, these 
variations are associated with periodic upwelling of fluid. By 
injecting dye at selected locations along the bottom wall of the cavity, 
this upwelling is shown to be caused by what appears to be an internal 
wave in the cavity. 
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2- INTRODUCTION 
Cavities and cavity like geometries exist in wind tunnels, aircraft 
and submarine bodies, and in pipe couplings which are shaped like 
bellows. When the flow past these geometries exceeds a critical 
velocity, pressure and velocity fluctuations develop in the shear-layers 
spanning the cavities. In practice, these are mostly unwanted 
oscillations. Moreover, if some conditions are satisfied, flow past 
cavity type geometries create vibrations of the structure, increase 
sound radiation and drag. In computer boards with closely spaced chip 
carriers, however, shear-layer oscillations are beneficial since they 
enhance the rate of heat transfer from the carriers. 
The parameters which govern the fluid motion in cavities, are S/D, 
L/D, W/D and Re6 , which are the ratio of the separation boundary layer 
thickness to the cavity depth, the ratio of the cavity length to depth, 
the ratio of cavity width to depth and the Reynolds number based on S, 
the free stream velocity U and the kinematic viscosity v. Cavities are co 
considered to be deep for L/D<l and shallow for L/D>l [1]. When the 
shear-layer spanning a shallow cavity reattaches onto the bottom wall of 
the cavity, the cavity is classified as an open cavity. On the 
contrary, a closed cavity is described as a cavity where the shear-layer 
reattaches onto the downstream wall. In this study the fluid motion in 
a shallow, closed cavity is investigated. 
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There are minimum values for the cavity length and depth, 
separation boundary layer thickness and free stream velocity below which 
cavity oscillations do not occur [l]. When cavity oscillations begin, 
the shear-layer spanning the cavity oscillates at a single frequency, 
the value of which depends on the above mentioned parameters. In 
shallow open cavities nonlinear oscillations develop in the shear-layer 
as the free stream velocity is increased above the critical velocity 
[1,2]. These oscillations are characterized by the growth of the first 
harmonic of the primary frequency of oscillation. In addition as 
observed by Neary and Stephanoff [2], a second frequency of oscillation, 
close in value to the primary frequency, is sometimes selectively 
amplified in a shallow open cavity. Since the second frequency, which 
appears after the formation of the first harmonic, does not increase in 
value with increasing Reynolds number, Neary and Stephanoff postulate 
that this frequency is not caused by the unsteady motion of the 
shear-layer. Instead, they suggest that the second frequency is caused 
by transverse motion in the cavity. 
In this study spanwise structures, which may cause the second 
frequency observed in [2], are investigated using several flow 
visualization techniques. To visualize the steady-state vortex 
structures in the cavity, before transverse motion appears, a neutrally 
buoyant light reflecting particle solution is injected into the cavity. 
Since this solution is neutrally buoyant, the particles are assumed to 
follow the real flow pattern inside the cavity. With increasing 
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Reynolds number, it is observed that up to three vortices are present in 
the cavity. At higher Reynolds numbers, these two-dimensional vortices 
become wavy along their spanwise lengths. To examine this fluid motion, 
the cavity is completely filled-up with a neutrally buoyant solution 
containing dye and alcohol. As this solution diffuses out of the cavity 
and into the mainstream above, the transverse motion inside the cavity 
becomes increasingly more visible. To investigate what appears like a 
wavy structure in the cavity neutrally buoyant dye solutions having 
different colors are injected underneath the primary and secondary 
vortices. 
In this study, pressure data is also taken. The purpose of these 
measurements has been to determine the Reynolds number where the 
shear-layer oscillations start. Signals taken from pressure ports are 
examined in time and frequency domains. Additional information about 
the pressure measurements and the experimental procedure for the 
measurements is given in Appendix 1. 
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3- LITERATURE REVIEW 
In [3], Rockwell and Naudascher have classified the self sustaining 
oscillations of flow past cavities into three groups. These are: 1-
Fluid-dynamic oscillations, 2-Fluid-elastic oscillations, 3-Fluid-
resonant oscillations. The reasons for the onset of each of these 
oscillations are given in [3]. 
Fluid dynamic oscillations result from the amplification of 
disturbances in the shear-layer spanning a cavity. The presence of the 
downstream corner of the cavity in effect causes a feedback loop to be 
set-up. As a result, only one of the many disturbances in the shear-
layer is selectively amplified. As shown in [10], when a trailing edge 
is inserted in a shear-layer, the oscillations in the layer became much 
more organized. 
It has been assumed in all the studies of shear-layer oscillations 
in cavities that the fluid motion in the cavity is two dimensional. 
However as suggested in Neary and Stephanoff [2] and as will be shown in 
this study, the flow inside a cavity can be three dimensional even 
before the shear-layer spanning the cavity starts to oscillate. This 
three dimensional motion may influence the shear-layer oscillations. In 
[2], it is shown that the interference between the pur~ shear-layer and 
transverse oscillations results in the irregular behavior of shear-layer 
oscillations. 
-5-
• 
• 
l'' ·,' 
Ttansverse periodicity. an4 therefore three dimensional motion in 
rectangular cavities has been observed in deep, open cavities [4]. In 
this study, flow visualizations and pressure measurements on the cavity 
floor show that the flow is either two dimensional or three dimensional, 
depending on the ratio of the cavity width :to depth. It is observed 
that large spanwise length to depth ratios do not necessarily mean two 
dimensional flow. In their experiments Zhak et al [8] also observe 
three dimensional vortex structures in cavities having L/D ratios 
ranging from 1 to 1.9. Their top view pictures reveal that the cellular 
structures appear to be similar to Taylor-Goertler vortices. By 
concluding that their Goertler number based on U, o and Dis above the co 
critical number for the onset of Taylor-Goertler vortices on concave 
plates, they deduce that secondary vortical structures in the flow 
result from the curvature of flowlines. Rockwell and Knisely [5] 
observe three dimensional structures in the shear-layer of a shallow 
rectangular cavity. Their pictures show spanwise (primary) and 
streamwise (secondary) vortices. They deduce that the coupling between 
primary and secondary vortices results in the spanwise distortion of 
primary vortex core while the secondary vortex is stretched because of 
the roll-up of the primary vortex. Accordingly the most important 
reason for the creation of the streamwise vorticity is the curvature of 
streamlines. But as they mentioned, it is still unclear up to which 
extent, it is attributable to Taylor-Goertler instability. Neary and 
Stephanoff's [2] experiments reveal the distortion of the primary vortex 
core. In their research, they use pressure measurements and dye flow 
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visualization to document the transition t~. turbulence in a shallow 
cavity. Before reaching fully turbulent flow, they observe three 
different regimes with different characteristics. As the Reynolds 
number increases, the influence of the secondary oscillation becomes 
stronger. They suggest that this secondary oscillation is caused by a 
transverse wave. Fig. 22 in [2] shows the upperview of cavity flow 
when there is and there is no transverse wave. They conclude that this 
wavy structure is the result of a frequency which is close in value to 
the shear-layer oscillation frequency. 
In this study, the transverse motion in a shear-layer driven cavity 
flow is examined. Flow visualizations and pressure measurements are 
done in order to determine the breakdown of two dimensional to three 
dimensional flow in a shallow rectangular cavity . 
-7-
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4- EXPERIMENTAL PROCEDURE 
The experiments are done in a water channel that has a working 
section which is 0.309 m wide, 1.473 m long and 0.457 m deep. The 
splitter plate, which includes the cavity, lies 0.285 m below the free 
surface of the channel and 0.120 m off the floor of the channel. The 
leading edge of the plate is 0.393 m downstream from the inlet to the 
working section. 
The splitter plate used in this study is the same as that used in 
Neary and Stephanoff (2). It is 0.551 m long, 0.0318 m thick and 0.308 
m wide. The cavity which is located 0.178 downstream from the leading 
edge, is 0.0508 m long and 0.0143 m deep; it spans the entire width of 
the splitter plate. The leading edge is a 5 to 1 ellipsoid and the 
trailing edge is tapered so that the effects of vortex shedding in the 
wake are lessened. A schematic drawing of the splitter plate is given 
in Fig. 1. 
A pressure transducer, located at the downstream corner of the 
cavity, is used to detect the onset of finite-amplitude oscillations in 
the shear-layer spanning the cavity. The procedure which is used in the 
pressure experiments is outlined in Appendix 1. The pressure tap and 
cavity geometry is shown in Fig. 2. 
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Most of the experimental results presented in this thesis are 
qualitative and are obtained by using different flow visualization 
techniques. Each technique, described in detail in the next section, 
highlights a characteristic of the spanwise structure in the cavity. 
Each technique, therefore, provides complimentary information about the 
flow field in the cavity before finite-amplitude, shear-layer 
oscillations are detected. 
4-1 FLOW VISUALIZATION TECHNIQUES 
To investigate the vortex motion in the cavity before any 
unsteadiness appears, a solution of light reflecting particles is 
stirred into the water in the cavity at its centerplane, that is at 
equal distances from the side walls of the test section. The particle 
solution, which contains only neutrally buoyant particles, is made by 
mixing an artificial pearl essence paste known as "Mearlmaid AA" with 
water; it is the neutrally buoyant portion of this mixture that is 
decanted and used in the experiments. To make the light reflecting 
particles visible, a Lowel DP video light, located beneath the test 
section , is shown up through the splitter plate containing the cavity 
(Fig. 3). All but a 1 cm slit of the bottom wall of the test section is 
covered so that only the plane of fluid containing the particles is 
illuminated. A Canon A-1 Camera, placed at a right angle to the 
illuminated plane of the cavity, is used to photograph the motion of the 
particles in the cavity. A 105mm Kiron Macro Lens is used with the 
-9-
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c ... ra and Kodak Technical Pan Fila 2415 is used in the camera. The 
shutter speeds in these experiments ranged from 1 to 4 sec and the 
aperture of the lens is varied from f4 to £16. 
To visualize the transverse structures in the cavity the water in 
the cavity is colored with food coloring, i.e. dye. Since the specific 
gravity of the dye is greater than one, alcohol is mixed with the dye to 
bring its specific gravity as close to one as possible while still 
maintaining a dark color good enough for photographic purposes. To 
obtain a mixture which has a specific gravity close to 1, the following 
relation is used 
where the subscripts a and d stand for alcohol and dye. In our case 
3 pd-1015.3 kg/m 3 and pa-874 kg/m . Va and Vd are the volumes of 
alcohol and dye used in the mixture. 
As mentioned in the previous paragraph, to make the transverse 
structures in the cavity visible a solution of dye diluted with alcohol 
is used to color the water in the cavity. When the dye solution is 
introduced into the cavity all the water in the cavity becomes opaque. 
With time, however, the opaque water in the primary vortex is replaced 
by clear water. As the process occurs the secondary vortex becomes 
visible and within this vortex spanwise waviness is observed. To 
photograph the spanwise structure in the secondary vortex, the Canon 
Camera, the Kiron Lens and the Technical Pan film 2415 are used 
-10-
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(Fig. 4). In these experiments the shutter speed is kept constant at 1 
sec but the aperture is varied from f4 to fS.6. The Lowel DP light 
source is placed above the channel in these experiments and slightly 
downstream of the cavity. 
When viewed from the side of the cavity, the spanwise structures 
observed from above, are found to oscillate with time. To capture this 
motion, different colors of dye solutions, prepared in the manner 
mentioned above, are injected through two different dye ports located on 
the cavity centerline. These dye ports are along the base of the cavity 
43 mm and 32 mm downstream of its leading edge. The positions of the 
dye ports are such that the dye from the port closest to the leading 
edge is swept into the secondary vortex while the dye from the other 
port is swept into the primary vortex. The dye ports can be seen in 
Fig. 2 along with the pressure port. The Canon Camera and Kiron Lens 
are used in this set of experiments. A shutter speed of 1/4 sec is used 
and the aperture ranged from f8 to fll. The type of film that is used 
is Kodak Ektachrome 160. In order to highlight the dye traces, the back 
far wall of the test section is covered with white paper which is 
illuminated by the Lowel DP light source. 
When there is periodic spanwise structures on the secondary vortex, 
fluid is periodically lifted up. To capture this fluid motion the Canon 
Camera is placed at an oblique angle to the oncoming flow (Fig. 5). In 
these experiments the cavity is filled up with dye solution and the 
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pictures are taken after the dye solution in the primary vortex is 
replaced by clean water. Kodak Ektachrome 160 Film is used in this set 
of pictures. Since a large depth of field is needed to bring spanwise 
structures into focus a Canon Macro Lens with a 50 mm focal length is 
used. The shutter speeds ranged from 1/8 sec to 1/15 sec and the 
aperture ranged from fl9 to f32. The light is provided by Lowel DP 
light source located above the channel. 
To observe the unperturbed flow patterns inside the cavity, all the 
photographs of the fluid motion are taken after a period of time, that 
is long enough for perturbed fluid motion caused by the injection 
process to be damped. 
4-2 HOT-FILM MEASUREMENTS 
The boundary layer thickness at the upstream edge of the cavity, 
the free stream velocity and the free stream turbulence intensity are 
determined by using hot-film anemometry. To measure these quantities a 
hot-film-boundary-layer probe, TSI Model 1218-60W is balanced by a TSI 
Model 1054B Wheatstone bridge that is connected to TSI Model 1051-1 
power supply and a TSI Model 1056 model variable decade resistor. 
During the experiments, the water temperature is kept constant so that 
the overheat ratio for the hot-film remains constant. 
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In hot-film anemometry, the hot-film probe forms one arm of a 
Wheatstone bridge so that by setting the resistances of the bridge to 
the ambient resistance of the probe, the bridge is balanced. By 
adjusting the bridge resistances to a value greater than the ambient 
resistance of the probe the bridge becomes unbalanced. This higher 
resistance is called the operating resistance. To bring the bridge back 
to a balanced state, the resistance of the probe must 
the operating resistance value. Since the resistance 
related to its temperature by the simplified equation 
R -R (l+a(t -t )) C S e 
be increased to 
of a probe is 
(4.2) 
where t is the ambient temperature, R is the reference resistance i.e e C 
the resistance at ambient temperature, t is the operating temperature s 
and Q is the temperature coefficient of film resistance, the resistance 
of the probe can be increased to the operating resistance by increasing 
its temperature. In the constant temperature mode of anemometry, the 
temperature of a hot-film is increased by increasing the voltage drop 
across the hot-film. 
Since there is a temperature gradient between the hot-film at its 
operating temperature and ambient temperature of fluid flowing past the 
film, heat is convected from the film to the fluid. The amount of heat 
removed is related to the velocity of the fluid. The velocity of the 
fluid, therefore, will influence the power required to maintain the film 
at its operating temperature. The nonlinear relation between the 
power(voltage) and hot-film resistance is 
-13-
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- (A+B(pV)f/n)(t -t) 
s e (4.3) 
where R is the hot-film's operating resistance, V the free stream 
velocity, t the film's operating temperature,t the fluid's ambient s e 
temperature, Ethe bridge voltage, p the density of the fluid, R3 the 
resistor in series with the film and A, Band n constants depending on 
the fluid and type of film. The film is a resistor with a high 
temperature coefficient so its temperature varies with resistance while 
the other resistors on the bridge are fixed resistors with low 
temperature coefficients. From (4.2) 
R/R - (l+a(t -t )) C S e (4.4) 
where R/R is called the overheating ratio. This ratio depends on the C 
temperature difference (t -t ). For velocity measurements best s e 
sensitivity is obtained when the overheating ratio is as large as 
possible. The overheating ratio cannot be too high ,however, since the 
probe may be damaged because of the heat that is created is not 
convected at a sufficiently high rate by the fluid flowing past the 
probe. Also, in water, the tendency for air bubbles to form on the 
hot-film increases with increasing temperature, so it is best to operate 
at the minimum temperature that gives adequate sensitivity [7]. 
The calibration of the hot-film probe is done by following the 
steps mentioned in the "TSI Model 1054a/1054b Constant Temperature 
Anemometer Instruction Manual" [9]. After the probe is connected, 
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preliainary circuit checka are done. The operating resistance aay be 
deterained according to (4.2). According to the data given by the 
manufacturer, for the hot-film probe, the resistance changes with 
temperature following the equation 
R(0)-1.12 X 10- 2 T(°C)+4.47 (4.5) 
During these experiments te~19 °c, which corresponds to R-5.210. 
The zero-ohms feature of the 1056 variable resistance decade allows 
the calibration only in terms of sensor resistance instead of sensor 
plus probe plus probe support and cable resistance. By not using the 
zero-ohms feature, calibration can be done by measuring the total 
resistance of the cables and probe support with the shorting probe and 
then subtracting this value from the value of the operating resistance 
found when the sensor is used . 
The calibration of the motor RPM vs free stream velocity is done by 
measuring the vortex shedding frequency behind a cylinder. For this 
purpose a cylinder having a diameter of 0.793 cm is placed horizontally 
into the channel, well above the test section with the cavity, which is 
totally blocked during the calibration process. The reason for choosing 
this diameter cylinder is that the Strouhal number based on the cylinder 
diameter remains constant in the expected operating velocity range. It 
can be seen from p.32 of [6] that for Reynolds numbers from 600 to 6000, 
the value of Strauhal number remains constant at 0.21. The velocities 
corresponding to each RPM is found from the constant Strouhal number 
-15-
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after each oscillation frequency at this RPM is found with spectral 
analysis of the hot-film data taken at this RPM. A least squares 
program is run to obtain the A and B coefficients of the relation 
between RPM and free stream velocity that has the form VELOCITY-
A+B*RPM. 
Fig. 6. 
The resulting channel calibration line can be seen in 
In hot-film anemometry, the simplified relation between the bridge 
voltage and flow velocity has the form 
E2-P+Q*Vl/n (4.6) 
where Eis the bridge voltage, P , Q and n are constants depending on 
fluid type and sensor and Vis the fluid or gas velocity. The first 
step for the calibration is to determine the values of P , Q and n. 
From [7], it is known that the value of n is close to 0.5. In order to 
determine P, Q and n precisely, average bridge voltages are measured at 
every 25 rpm from 200 to 425 RPM. After each average bridge voltage is 
known, a least squares program is used to get the values of P and Q 
corresponding to different values of n around n-0.5. The best value for 
n gives the smallest error in the least squares curve fitting program. 
Once the values of P, Q and n are known, velocity measurements are 
done in order to determine the boundary layer thickness and turbulence 
intensity. To make the boundary layer measurements, the boundary layer 
probe is brought to the top of the cavity leading edge as close as 
possible to the surface of the splitter plate. Measurements throughout 
-16-
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the boundary layer are done at locations 0.2 1111 apart from each other. 
With the assumption of isentropic turbulence exists in the free-stream 
above the test section, the turbulence intensity is found according to 
the definition, 
Turbulence Intensity - (4.7) u 
~ 
The boundary-layer profiles corresponding to five different 
Reynolds numbers ranging from 12730 to 27920 are shown in Appendix 2. 
The displacement and momentum thicknesses belonging to each boundary-
layer profile are also computed and presented with each profile . 
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5- RESULTS 
5-1 TWO-DIMENSIONAL FLOW REGIME 
Flow visualizations carried out in the cavity show that because of 
the pump oscillations, flow in the channel is not steady until the 
Reynolds number based on the distance from the leading edge, Re, is 
X 
above 9875. Also, above Re -28920, because of the development of finite X 
amplitude shear-layer oscillations, flow visualizations are not 
practical. Therefore all experiments are done in the Reynolds number 
range between these limits. In all experiments, the fluid motion in the 
cavity is examined by increasing the Reynolds number by~ -500. 
X 
At low Reynolds numbers, there is only one vortex in the cavity; it 
is centered in the downstream half of the cavity. As the Reynolds number 
is increased, the center of the vortex moves downstream until it is 
shifted to a location equidistant from the downstream and bottom walls 
of the cavity. Fig. 7 taken at Re -13089 shows this case (at Re -13089, X X 
the Reynolds numbers based on the boundary-layer, displacement and 
momentum thicknesses are Re 6-S86, Re *-218 and Re8-81.5). Fig. 8 taken 6 
at Re -14068 still shows a single vortex in the cavity. At Re -15047, a X X 
second vortex along the bottom of the cavity is visible (Fig. 9). This 
secondary vortex forms because, with increasing Reynolds number, the 
adverse pressure gradient along the bottom wall of the cavity increases. 
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Aa the Rex is increased further, a third vortex appears upstream of the 
primary vortex. Its shape is elliptical and it is just below the shear-
layer. This vortex is caused by the strong shear in the flow upstream of 
the primary vortex [3]. Fig. 10 showing all three vortices is taken at 
Re -16026. For Reynolds number up to Re -19453, the fluid motion in the X X 
cavity remains two-dimensional. 
The pictures taken from the side of the cavity can only give 
details about the flow on a plane of interest, along the cavity width, 
that is parallel to the main stream. To determine the onset and 
development of three dimensional flow in the cavity, top view pictures 
are taken. These pictures show the spanwise variations of the flow 
inside the cavity on a plane inside the cavity width. As shown in Fig. 
11 taken at Re -17984, the fluid motion inside the cavity is still two-x 
dimensional. Fig. 12 is the side picture taken at the same Reynolds 
number. At a slightly higher Reynolds number, Re -18964, small 
X 
disturbances on the secondary vortex are visible (Fig. 13). It can be 
seen from Fig. 14 that the secondary vortex goes unstable. 
5-2 THREE-DIMENSIONAL FLOW REGIME 
As can be seen in Fig. 14, when Re -19453 the disturbances are X 
larger than they are at Re -18964, but the size of the secondary vortex X 
has not increased very much. Fig. 15 is the side picture for this case. 
In contrast to the increase in Reynolds number from Re -18964 to Re X X 
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-19453 an increase from Re -19453 to Re -19943 (Re6-762, Re *-237, X X & 
Re8-105), is characterized by a large increase in the size of the 
secondary vortex and by the large amplitude waviness along the upstream 
side of the secondary vortex (Fig. 16). The increase in the size of the 
secondary vortex can also be seen from the side picture at this Reynolds 
number (Fig. 17). At Rex-20432, the large disturbances visible at 
Re -19943 are still visible but now smaller disturbances are also X 
present. Fig. 18 shows these small disturbances on the right side of the 
cavity, whereas on the left side, disturbances with larger wavelength 
disturbances on the secondary vortex appear to be periodic along the 
entire spanwise length of the cavity. As can be seen in Fig. 19, both 
the downstream edge and upstream edge of the secondary vortex is wavy . 
The waviness along the downstream edge of the secondary vortex, the edge 
next to the primary vortex, might be an indication that the primary 
vortex is going unstable. When the Reynolds number is increased to 
Re -21411 (Fig. 20), the amplitude of the wavy structure is greater than X 
at Re -20922. Visual observations of the flow indicate that, wavy X 
structure on the secondary vortex is due to the interference of left and 
right moving waves along the vortex. This fact can be seen in Fig. 21 
taken at Re -22880. Next pictures taken at Re -23859 (Rec-878, Re *-293, X X c, 0 
Re 8-115) verify that fact (Fig. 22). All these pictures show that as the 
Reynolds number increases, the size of the secondary vortex increases 
too. 
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To investigate further the instability of the secondary vortex, 
successive side pictures of the vortex oscillations are taken at 0.2 
sec. intervals. The fluid motion in the second vortex is made visible by 
injecting red dye into the cavity at a location that is slightly 
downstream of the center of the second vortex. The fluid motion just 
outside of the second vortex is made visible by injecting green dye into 
the cavity at a location that is downstream of the red dye injection 
port. 
As mentioned earlier and shown in Fig. 11, the fluid motion inside 
the cavity is two-dimensional at Re -17984. Additional proof that there X 
is only two-dimensional motion at Re -17984 is shown in Fig. 23. The X 
green and red dye lines in this figure lie close to each other and their 
positions in the cavity do not change with time . 
It is also clear from the side pictures with dye that when the 
Reynolds number is increased to 19943, the size of the secondary vortex 
is much bigger than it is at Re -17984 (Fig. 23 and Fig. 24). This X 
agrees with the top view pictures that reveal a major increase in the 
size of the secondary vortex from Re -19453 to Re -19943 (Fig. 14 and X X 
16). From the side pictures taken at Re -19943, it can also be seen that X 
there are some three-dimensionalities in the cavity since, on the 
upstream side of the secondary vortex, the position of green dye lines 
changes with time and red dye lines doesn't change. 
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It is known from Fig. 19 that for Rex-20922, the whole length of 
the upstream edge of the secondary vortex is three-dimensional. At this 
Reynolds number, the side pictures show that the flow in the cavity is 
more organized, since the green and red dye lines are together at all 
times (Fig. 25). These pictures also show that the size of the secondary 
vortex has increased more. Because of its increased size and the 
increased velocity gradients in the cavity, the secondary vortex 
sustains higher shear and starts to break down. 
Fig. 22 is the top view picture for Re -23859 (Rec-878, Re *-293, 
X o O 
Re 9-115). This picture shows that at this Reynolds number, the fluid 
motion in the cavity is fully three-dimensional. Side pictures of this 
case show that the amplitude of the wave that breaks down on the 
secondary vortex gets bigger (Fig. 26) . 
The pictures in Fig. 27 are taken when Re -28755. These pictures 
X 
show that the amplitude of the oscillations on the secondary vortex has 
increased. Also the wave peaks are sharper. As the wave on the secondary 
vortex breaks down, the fluid is dragged away from the plane of interest 
by the third vortex. It appears as though there is higher shear in the 
right half of the cavity; this causes the right half of the secondary 
vortex to go unstable first, as shown in the top view photographs. 
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The last picture, Fig. 28, is taken at an angled view when 
Rex-28755 (Re6-960, Re6
*-311, Re1-130). This picture shows the periodic 
uplift that occurs in the secondary vortex. 
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6- DISCUSSION 
The flow visualization results show that the frequency of the 
transverse wave does not increase with increasing Reynolds numbers. 
Moreover visual observations reveal that the transverse wave exists 
before the shear-layer starts to oscillate (also long before any shear-
layer oscillations can be picked-up by pressure transducers). Therefore 
it is expected that the transverse wave is not a direct result of the 
shear-layer instability. 
Zhak et al. [8] conclude that the three-dimensional flow in 
cavities (1< L/D <1.9) is caused by the curvature of streamlines. They 
base their conclusion on the result that the Goertler number they use 
for the vortex instability is above the critical Goertler number for the 
flow over concave plates. This study shows that the flow inside the 
cavity is still two-dimensional even the Goertler number is well above 
the critical Goertler number. Therefore the criteria proposed by Zhak 
et al. does not seem to explain the three-dimensioanality. 
The flow visualizations done by Rockwell and Knisely [5] conclude 
that the waviness of the primary vortex core is caused by the 
interference of the streamwise and spanwise vortices (L/D-1.17). These 
experiments are done at Re 9-106 and L/9-142. 
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In this study, the flow visualizations reveal no stream.wise 
vorticity and early roll-up in the shear-layer (L/D-3.5). Therefore the 
reason for the three dimensional flow in the cavity investigated in this 
research is not the interaction of perpendicular vortices. If this were 
the case, it would be expected that the primary vortex, where the vortex 
stretching would be the most severe, would go unstable first. For this 
study 81< Re9< 130 , 45 < L/9 < 60 which are lower in value than the 
corresponding Re8 and L/9 values of (10]. The fact that L/9 is 
smaller, provides shorter length for the shear-layer oscillations to 
amplify and prevents the shear-layer from rolling-up earlier and being 
more unstable. Therefore it may be concluded that the vortical 
interaction mechanism is an additional three-dimensional cavity flow 
mechanism but not the original one . 
Three-dimensional structures in cavities are also observed by Maull 
and East [4] for L/D < 2.2 by means of oil flow visualization and static 
pressure measurements on the cavity bottom. Since they used static 
pressure transducers, they were not able to get to know more about the 
dynamic characteristics of the three-dimensional flow in cavities. 
In his study, S.Crow (11] examines the instability of two trailing 
vortices. These vortices are created at the edge of the aircraft wings 
and they tend to die out totally. Pictures in [11] show two straight 
vortex tubes having increasing waviness as time passes. The difference 
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between Crow's model and cavity flow is that in cavity flow, counter-
rotating vortices do not have the same magnitude of circulation. 
Another difference is the continuous transfer of energy from the cavity 
shear-layer to the vortices. However, a developed mathematical model 
similar to Crow's model may still be helpful in determining the 
instability of the vortices in cavity flow . 
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7- CONCLUSION 
It is clear from the flow visualizations that the fluid motion 
inside the cavity becomes three-dimensional before any shear-layer 
oscillations can be observed. The three-dimensional motion seems to be 
caused by an instability in the second vortex or by an instability of 
the second-first vortex pair rather than by a shear-layer instability. 
Also, unlike what occurs when there is shear-layer instability, the 
frequency of oscillation of the wave on the second vortex does not 
change with increasing Reynolds number. At first, the spanwise 
fluctuations may be seen on the upstream side of the secondary vortex. 
With increasing Reynolds number, however the secondary vortex becomes 
fully unstable and starts to break down. As the amplitude of the three-
dimensional instability grows, the primary vortex also becomes unstable . 
Once the amplitude of these oscillations reach a critical value, the 
shear-layer starts to oscillate. 
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8- PROPOSED RESEARCH 
To obtain additional information on the transverse wave in the 
cavity, cross-correlations of pressure and velocity signals should be 
done. By making hot-film measurements and pressure transducer 
measurements at different spanwise locations in the cavity, the 
amplitude and speed of the transverse wave can be determined. 
Preliminary measurements have shown that the transverse behavior is more 
pronounced in the primary vortex, so measurements should be done at this 
location. Also another location where measurements should be made is 
where the wave breaks above the secondary vortex. 
More flow visualizations should be done. With a high speed video 
system, flow structures in the cavity can be examined in a better way . 
This should especially be helpful for measuring the wave speeds. 
The effect of the end walls has always been a problem. To 
investigate in more detail this effect, experiments must be repeated 
using different cavity widths. 
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Figure 1 
Figure 2 
Figure 3 
• 
Figure 4 
Figure 5 
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9-FIGURE CAPTIONS 
Schematic drawing of the splitter plate with the cavity. 
Schematic drawing of the cavity with the pressure and dye 
taps. The pressure tap is connected to the pressure 
transducer where signal is fed to the A/D converter after 
being amplified. The dye taps are located underneath the 
primary and secondary vortices and they are connected to 
the dye tanks with brass tubes. All the dye and pressure 
taps lie on the cavity centerline. 
The camera and light setting for side pictures. These 
pictures are taken after the light reflecting particles are 
injected into the cavity centerplane. The bottom of the 
cavity is painted except for a slot of 1 cm wide which 
allows the light source to illuminate the particles. 
The camera and light setting for top view pictures. These 
pictures record the spanwise structures in the cavity. 
The camera and light setting for the picture taken from an 
oblique angle. This picture (Fig. 5.23) shows the vertical 
uplift in the cavity. 
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Figure 6 
Figure 7 
Figure 8 
Figure 9 
Figure 10 
Figure 11 
Figure 12 
Figure 13 
The plot showing the motor RPM vs. free stream velocity. 
Side picture with particles showing one vortex in the 
cavity at Re -13089. 
X 
Side picture with particles showing the fluid motion inside 
the cavity at Re -14068. There is still one vortex in the 
X 
cavity. 
Side picture with particles showing the appearance of the 
secondary vortex on the cavity bottom at Re -15047. 
X 
Side picture with particles showing three vortices. This 
picture is taken at Re -16026. 
X 
Top view picture showing the vortex tubes in the cavity at 
Re -17984. At this Reynolds number there is no waviness on 
X 
the vortex tubes and the flow inside the cavity is two-
dimensional. 
Side picture with particles at Re -17984. 
X 
Top view picture showing small disturbances on the upstream 
edge of the secondary vortex. This picture is taken at 
Re -18964. 
X 
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Figure 14 
Figure 15 
Figure 16 
Figure 17 
Figure 18 
• 
Figure 19 
Figure 20 
• 
1 ... 
Top view picture showing large disturbances on the upstream 
edge of the secondary vortex at Re -19453. 
X 
Side picture with particles taken at Re -19453. 
X 
Top view picture showing a large increase in the size of 
the secondary vortex and large amplitude waviness along its 
upstream edge at Re -19943. 
X 
Side picture with particles showing the increase in the 
size of the secondary vortex. This picture is taken at 
Re -19943. 
X 
Top view picture showing small disturbances on the right 
and large disturbances on the left upstream edge of the 
cavity at Re - 20432. 
X 
Top view picture showing periodic disturbances along the 
width of the cavity. Both edges of the secondary vortex 
are wavy. For this picture Re -20922. 
X 
Top view picture showing that the amplitude of the periodic 
disturbances is much larger. This picture is taken at 
Re -21411. 
X 
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Figure 21 
Figure 22 
Figure 23 
Figure 24 
• 
Figure 25 
• 
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Top view picture taken at Re •22880. 
X 
Top view picture showing that the size of the secondary 
vortex is still increasing. This picture is taken at 
Re -23859) 
X 
Side pictures taken while the dye solution is injected into 
the cavity. The shutter speed is 0.125 sec. and the 
pictures are 0.95 sec. apart. The green dye solution is 
injected underneath the primary vortex while the red dye 
solution is injected underneath the secondary vortex. For 
these pictures Re -17984. 
X 
Side pictures with dye showing that the size of the 
secondary vortex is much bigger at Re -19943 than it is at X 
Re -17984. There are some disturbances since the position X 
of the green dye lines changes while the position of the 
red dye lines does not change. The pictures are 0.95 sec. 
apart and the shutter speed is 0.125 sec. For these 
pictures Re -19943. 
X 
Side pictures with dye showing that the size of the 
secondary vortex has increased more. Because of increasing 
shear in the flow above the secondary vortex the dye lines 
begin to roll-up. The pictures are 0.2 sec. apart and the 
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Figure 26 
Figure 27 
Figure 28 
• 
Figure 29 
Figure 30 
abutter apeed is O .125 sec. These pictures are taken at 
Side pictures with dye showing that the amplitude of the 
wave is much larger. The pictures are 0.525 sec. apart and 
the shutter speed is 0.2 sec. These pictures are taken at 
Re -20859. 
X 
Side pictures with dye showing that the dye is swept out of 
the field of view because there is transverse motion in the 
cavity. The pictures are 0.525 sec. apart and the shutter 
speed is 0.2 sec. For these pictures Re - 28755. 
X 
Angled view picture with dye. This picture shows the 
vertical uplift in the cavity for Re -28755. For this 
X 
picture the camera and light setting shown in Fig. 4.5 is 
used. 
Frequency spectrum of the pressure oscillations at 
Re -29069. Oscillations cannot be picked at Reynolds 
X 
numbers less than Re -29069. 
X 
Boundary-layer profiles at the leading edge of the cavity 
for Re -13089. The data points are given as filled 
X 
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Figure 31 
Figure 32 
Figure 33 
• 
Figure 34 
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circles; the solid line ia the best fit through the data 
points and the dashed line gives the Blasius profile. 
Boundary-layer profiles at the leading edge of the cavity 
for Re -19943. The data points are given as filled X 
circles; the solid line is the best fit through the data 
points and the dashed line gives the Blasius profile. 
Boundary-layer profiles at the leading edge of the cavity 
for Re -20922. The data points are given as filled X 
circles; the solid line is the best fit through the data 
points and the dashed line gives the Blasius profile. 
Boundary-layer profiles at the leading edge of the cavity 
for Re -23859. The data points are given as filled X 
circles; the solid line is the best fit through the data 
points and the dashed line gives the Blasius profile. 
Boundary-layer profiles at the leading edge of the cavity 
for Re -28755. The data points are given as filled X 
circles; the solid line is the best fit through the data 
points and the dashed line gives the Blasius profile. 
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11- APPENDIX-1 
The instability of the cavity shear-layer is examined by analysing 
the signal from a pressure transducer located at the downstream corner 
of the cavity. The pressure measurements determinie the onset of shear-
layer oscillations and are used to analyse the instability of cavity 
shear-layer. The presssure data are taken with the PCB Piezotronics 
model 103M20 dynamic pressure transducers that have a range of 6.89 KPa 
and a resolution of 0.152 Pa. The nominal sensitivity of transducers 
is 0.217 mV/Pa. The signal coming from the transducer is amplified 100 
times by a PCB Piezotronics model 480D06 amplifier box that responds 
linearly to all frequencies from 0.05 Hz to 2600 Hz. Fig. 2 illustrates 
the location of the pressure tap. The pressure tap is 0.794 mm below 
the free surface and has a diameter of 0.794 mm. The tap is connected 
to a pressure port by a 3.5 mm long tube. The pressure port that 
connects the pressure tap to the transducer is a tube of 0.3175 mm 
diameter. The signal which is amplified by a Krohn-Hite model 3750 
filter is bandpassed from 0.2 Hz to 20 Hz. After being filtered, the 
signal is sampled by ISAAC 2000 12 bit A/D converter. As can be seen in 
Fig. 29, shear-layer oscillations are detected by the pressure 
transducers at Re -29069 which is above the Reynolds number study of X 
this study's flow visualizations. 
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12- APPENDIX-2 
As mentioned in Chapter 3, a hot-film probe is used to measure the 
velocity in the boundary-layer at the upstream edge of the cavity. With 
this data the boundary-layer, displacement and momentum thicknesses are 
calculated. The displacement thickness is defined by 
s* -f~ (1-u/Uoo) , 
the momentum thickness by 
8 -f~ ujU
00 
(l-u/U
00
) , 
and the shape factor by 
* H- 5 /8 
(12.1) 
(12.2) 
(12.3) 
where 5 is the boundary-layer thickness, u is the local velocity and U 
00 
is the free stream velocity . 
The velocity in the boundary-layer at the upstream edge of the 
cavity has been measured at five different Reynolds numbers. The 
profiles corresponding to each Reynolds number are shown in Figs. 30 
through 34. In each figure, the Blasius profile for the given free 
stream velocity and the nondimensional velocity profile of the hot-film 
data are plotted. It can be seen that the Blasius profile is always 
slightly thinner than the actual profile. This may be due to 
experimental errors or it may mean then there is a small adverse 
pressure gradient at the location of the measurements. 
1 
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